Abstract. We are developing an all optical method to map the transverse phase space map of a charged particle beam. Our technique employs OTR interferometry (OTRI) in combination with a scanning pinhole to make local orthogonal (x,y) divergence and trajectory angle measurements as function of position within the transverse profile of the beam. The localized data allows a reconstruction of the horizontal and vertical phase spaces of the beam. We have also demonstrated how single and multiple pinholes can in principle be used to make such measurements simultaneously.
INTRODUCTION
The "pepper pot" technique commonly used to map out the transverse phase space of a charged particle beam employs collimators to physically segment the beam into beamlets, which are then allowed to freely drift downstream onto an imaging device. The mean trajectory angle and divergence of each beamlet are obtained from a knowledge of the aperture size, drift distance, size and position of the beamlet image. From this information a map of the beam's transverse phase space can be constructed.
The effectiveness of the technique relies on the ability of the collimator to stop part of the beam. However, as the energy of the beam increases, thicker and/or higher atomic number materials must be used in the collimator, resulting in larger and more costly devices. Eventually permeability of the collimators to high energy particles renders the method ineffective. In addition, the technique is especially difficult to implement for small beam sizes produced by high brightness accelerators. Therefore, an alternative to the standard pepper pot technique is clearly needed.
We are developing an all optical approach to phase space mapping, which does not rely on the collimation of the beam itself, but rather on masking the optical radiation produced by the beam. The results are equivalent to those obtained with the conventional pepper pot device. We refer to the general concept of using beam based optical radiation for this purpose as optical phase space mapping (OPSM) or the optical pepper pot. The important advantages of this method are: 1) minimally or non invasive devices such as thin foils or magnetic fields can be used to generate the optical radiation; 2) optical radiation can be easily transported away from the beam environment; 3) well developed optical processing techniques can be utilized to extract beam parameters, 4) many types of optical radiation can be employed, e.g. synchrotron, edge, diffraction and transition radiation. In this paper we show how optical transition radiation (OTR) can be utilized for OPSM.
OTR has proven to be a versatile and effective diagnostic for measuring the spatial distribution, rms divergence, and rms emittances of relativistic electron and proton beams [1] . In particular, a two foil OTR interferometer [2] produces an interference pattern (OTRI), which is highly sensitive to the beam's energy, divergence and trajectory angle, and can be used to diagnose these quantities. Simultaneous imaging of the transverse profile when the beam is focussed to an x or y waist condition, combined with measurement of rms x or y divergences, allows a determination of the orthogonal (x,y) rms emittances of the beam [3] . Both time integrated and time resolved rms emittance measurements have been made.
The concept of applying OTR diagnostic techniques to map the beam transverse phase space, i.e. measuring the divergence and trajectory angle as a function of position within the beam profile for any beam envelope condition, was first proposed and patented by us in 1992 [4] . Recently this concept has been demonstrated experimentally in a proof of principle experiment, which utilized a 100 MeV linac located at the Lawrence Livermore National Laboratory [5] . In the LLNL experiment the divergence and trajectory angle of a single optically masked portion of the beam were measured and compared to those of the entire beam. These data allowed an estimation of the Courant-Snyder parameters and phase-space ellipse tilt angle and thus allowed a more accurate determination of the beam emittance than was previously possible with standard rms measurements taken at a beam waist.
The results of this experiment indicated that it should be possible to produce a complete map of the transverse phase space of charged particle beam using OTRI and optical masking. However, the experiment did not attempt to produce a phase space map. Furthermore, the large amount of scattering produced in the front foil of the LLNL OTR interferometer dominated the measured divergence and made the extraction of the beam divergence from the data difficult. The work described here produces an actual transverse phase space map and makes use of a improved interferometer design, which allows a more accurate measurement of the beam divergence.
THEORETICAL BACKGROUND
Transition radiation is produced by a charged particle as it passes between media with different dielectric constants, for example a metallic foil in vacuum. The angular distribution of this radiation reveals details about the particle's energy, position and direction with respect to the vacuum-foil boundary. The radiation is radially polarized -a fact which can be used to separate and determine the horizontal and vertical beam divergences and trajectory angles.
OTR interferences are generated from two parallel foils inclined at ip = 45° and separated by a distance L> L V (9,X) = (A/7r)(7~2 + 0 2 )~1, the vacuum coherence length, which is defined as the distance over which the particle's field and the OTR photon differ in phase by one radian. Interference occurs between the forward OTR from the first foil, which is reflected by the second foil, and backward (reflected) OTR from the second foil. These sources are coherent because the forward directed photon is co-moving with the relativistic particle and remains in phase with it for a distance of the order Ly-The total spectral-angular intensity of two foil OTRI is given by
where cj = 27T/, / is the frequency of the observed TR photon, 6 is the angle of observation in a plane perpendicular to the velocity vector of the particle ~^v for forward TR and in the direction of specular reflection for backward TR, F(9,ip) is the Fresnel reflection coefficient, which for a highly conductive foil is approximately equal to unity for all polarization components, £ = 7$ is the scaled observation angle and a ~ -^ is the fine structure constant. An ensemble of particles produces angular and spectra distributions which are modified by the superimposed contributions of individual particle trajectories. The effect of rms beam divergence can be calculated by convolving the spectral-angular intensity Eq. (1) with a distribution of particle trajectory angles, e.g. a Gaussian distribution. Then by fitting the measured angular distribution to the theoretical profile produced from the convolution, one can determine the rms beam divergence. This method can, in principle, be used at any beam energy and there is no absolute lower bound to the divergence that can be measured. This is due to the fact that the normalized rms emittance of a beam ej? ms = 'jO rms r rms is an invariant quantity. As the beam energy increases, the rms divergence 9 rms decreases as 7" 1 , which is also the angle of peak intensity of OTR. Therefore, the percent change in the OTR angular pattern due to the beam divergence is independent of the beam energy. However, a practical limit is imposed by the resolution and sensitivity of the optics and imaging device used to display the interference pattern. Using conventional electronic imaging cameras (SIT, CCD and CID's), we have been successful in measuring normalized rms divergences crj? ms = ^6 rms « 0.05.
In addition, the trajectory angle of the beam being observed can be measured by observing the centroid of the angular distribution of OTRI, which is centered about the direction of specular reflection (9 = 0). If the observed beam is moving at some angle with respect to this direction, the centroid of the pattern will be shifted away from 9 = 0 and can be accurately determined [5] .
The far field OTR interference pattern can be observed with a lens-camera system, by placing the camera at the focal plane of a lens whose focal length is chosen to match the field of view desired, which is usually several times 7" 1 . The interferences must be observed through a narrow band filter in order to be distinct 189 and usable for beam diagnostic measurements.
EXPERIMENTAL METHOD
OTR phase space mapping experiments were performed at the Naval Postgraduate School's S band rf linac. The beam energy was 95 MeV, the average current was 0.1-0.3 microamps and the macropulse repetition rate was 60 pps. Two pairs of magnetic quadrupoles were used to produce the desired beam focussing condition at the site of the interferometer mirror. A schematic of the experimental setup is shown in Figure 1 . The optical system was designed to collect an angular field of view A0 « 8/7 (~40 mrad) for all points in the beam profile. A HeNe laser and a 50/50 aluminized Kapton beam splitter placed about 1 meter upstream from the interferometer were used to align the optics and the electron beam with the optical axis.
The OTR interferometer consisted of an aluminum front foil frame, which housed two circular aluminum foil mounting rings, and a silicon mirror coated with 1000 Angstroms of aluminum. A 0.7 micron thick aluminum foil was mounted on the bottom ring of the frame and a 5 micron thick, rectangular aperture copper micromesh (750 lines per inch, 33 micron period) was mounted on the top ring. The foil/mesh-mirror spacing was 25.4 mm. The solid foil thickness and composition were chosen to minimize the contribution of electron beam scattering. The 0.7 micron Al foil produces a calculated rms scattering angle of about 0.1 mrad at 95 MeV, which is much less than the rms beam divergence, 9 rms ~ 1 mrad, which had been previously measured by us using OTRI. Thus, the beam divergence dominates the total measured divergence, the reverse of the situtation in the LLNL experiment. Figure 2 . shows a side view of the interferometer seen here through a 6 inch diameter fused silica window on the observation side of a six way cross. The foil holder and mirror were parallel and oriented at 45° with respect to the beam direction. The circular mesh and foil holders are seen on the right side and in reflection from the mirror on the left side. Note the clear position of the mirror visible just below the reflection of the foil holder and the circular graticule directly below the mirror.
A linear actuator vertically positioned the assembly in one of four positions: 1) the graticule position, which allowed a measurement of the magnification of the optics, 2) the clear mirror position , which allowed the laser to be reflected and also as a target position for the production of OTR at the mirror position, 3) the aluminum foil position, used to generate OTRI and 4) the mesh position, which, when used with the laser, produced a far field diffraction pattern; this was used to calibrate the angular field of view of the cooled CCD camera.
The OTRI were optically transported by a pair of achromatic lenses, fi^, = 240 and 480 mm respectively, and focussed to obtain a two fold magnified image of the beam's spatial distribution at the site of the mask. The unmagnified rms beam radius r& is about 2 mm. To preserve linearity in both position and angle the spacing between the lenses f lj2 was set equal to the sum of their focal lengths.
The optical mask, a 1 inch diameter aluminized pellicle with a 1 mm circular pinhole at its center, was positioned at the image plane of f lj2 . The mask was mounted on a remote controlled x, y translator whose positioning accuracy was less than 10 //m. The OTRI pattern emerging from the pinhole was observed in the focal plane of lens fs = 480mm by an Apogee Instruments, Peltier cooled, CCD array, which was programmed to integrate from 30 sec., in the case of whole beam OTRI, to 6 minutes for pinhole OTRI. To register the pinhole position with respect to the beam image, the rear of the mask is imaged by lens ^ =90 mm and a standard CCD camera. To obtain the OTRI pattern from the entire beam, the mask was replaced by a clear pellicle beamsplitter whose reflectivity was about 10%. A 650 nm x 70 nm optical interference filter was used to obtain the OTR interferograms.
In a separate experiment, OTR interferences from two 1 mm diameter pinholes holes, placed 2 mm apart, were observed. A cylindrical lens, whose focal length = 250 mm, was placed at this same distance downstream from the mask. The cylindrical lens and pinholes were arranged so that light passing through the pinholes was dispersed only in the vertical direction, i.e. perpendicular to the horizontal axis of the lens and parallel to a line through the center of the two pinholes. Two other lenses, which replaced the lens fs shown in Figure 2 , whose focal lengths werelSO and 200 mm, respectively, were used to image the focal plane of the cylindrical lens onto the cooled CCD. With this system, two horizontally separated OTRI patterns could be simultaneously imaged and used to obtain divergences from each of the two pinhole positions. In order to perform phase space mapping, the beam was focussed to produce an arbitrary elliptical distribution at the mask position.Then a 1 mm diameter pinhole aperture was scanned across the beam image and the divergence and trajectory angle was measured at each position of the pinhole using OTRI. The number of data points here was limited by the signal to noise ratio, which was about two for the 1 mm pinhole images. The signal was limited by the amount of light which could be collected by the 1 mm pinhole aperture and the total OTR emitted by the 0.1 }J,A beam; the background was primarily due to x rays, gamma rays and neutrons passing through the two inch thick lead and two inch thick polyethylene shielding surrounding the cooled CCD camera. We obtained the divergence and trajectory shifts with respect to the second position (#2 above) for each of the five positions shown above. Figure 5 . shows the data presented as two phase space maps: left, vertical phase space and right, horizontal phase space. The vertical width of the rectangles in the maps gives the local divergence and the centroid gives the local trajectory angle.
RESULTS AND DISCUSSION
Y COORDINATE, n X COORDINATE, mm FIGURE 5. Vertical (left) and horizontal (right) phase space maps. Unfortunately, the high background level and the instabilitity of the beam over the long exposure times (6 minutes) used for the pinhole measurements severely limited the accuracy of the measurements. The local x and y values of the divergence presented in Figure 5 . are nearly equal a x^y = 0.9 ±0.05 mrad. This value is larger than the measured y divergence of the entire beam a y = 0.7 mrad, and approximately equal, within the experimental uncertainty, to the measured value of the x divergence a x = 1.0 mrad. The measured pinhole divergences, therefore, should only be considered to be upper bounds. The angular trajectory data have smaller uncertainties and both show well defined trends; we interpret these data to represent the actual local beamlet trajectory angles. . shows an image of the OTR interferences simultaneously observed from a double pinhole mask.The image was acquired by integrating over a time interval of 6 minutes. The inclination of the axis joining the center points of the two images is believed to be due to slight misalignment of the cylindrical optics. Line scans taken through each of the centers of each image along a line perpendicular to the line joining the centers of the images show that the local vertical divergences are approximately equal to within experimental uncertainly (cr y i^ = 0.7 ±0.05 mrad), but that the trajectory angles from the two sampled portions of the beam are not the same. The trajectory angle shift of the beamlet observed by the right pinhole in Figure 6 . with respect to that observed by the left pinhole is 1.8 mrad. Again, although close to the measured divergence of the entire beam, the vertical divergence values can only be considered to be upper limits.
CONCLUSIONS
We have shown that maps of the transverse phase space of a 95 MeV relativistic electron beam can be constructed using an all optical method. To demonstrate the technique we employed optical transition radiation interferences and an optical mask consisting of a single scanned pinhole or two fixed pinholes. From an analysis of OTRI patterns emerging from the single or double pinhole optical mask, referenced to position within the beam image, localized divergence and trajectory angles were made and used to construct horizontal and vertical phase space plots. Our results demonstrate an optical analogue to the standard pepper pot method which is commonly used to map the transverse phase space of charged particle beams. In future studies this method will be refined to produce more precise time integrated and possibly time resolved optical phase space maps.
